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In t he human keratinocyte line HaCaT, the nonphos-
phorylated 27-kDa heat shock protein (HSP27) iso-
forttl A (PI 6.5) is constitutively expressed. Applica-
tion of thapsigargin, which inhibits Ca2 + -ATPase in 
the endoplasmic reticulum, results in the rapid for-
m ation of the phosphorylated HSP27 isoform B (PI 
6.0) and reduct ion of HSP27 A without affecting the 
synthesis of HSP27. The thapsigargin-dependent 
H SP27 isoform change is similar to that induced by 
43°C heat shock, but different &om that induced by 
arsenite, where the biphosphorylated isoform HSP27 
C (PI 5.7) is observed. The receptor agonis t bradyki-
nin. which increases intracellular Ca2 + (Ca;) level, 
sho w s no effect on the distribution of HSP27 iso-
I forttls. The responses ofHSP27 isoforms to thapsigar-
H eat shock pro te ins (HSP) , o r stress proteins, repu t-edly provide cells with protection agains t environ-men tal insults (Welch 1992) . In mamm alian cells, HSP, ran ging fi 'om 15 to 11 5 kD a, fall in to five majo r fa mily groupings based upo n protein size 
(May tin , 1995) . T he 27-kD a H SP (HSP27) is a m ember of a family 
of sITlaU HSP w ith molecular m asses be tween 15 and 30 kDa. T he 
cellular functions of HSP have no t been precisely clarified. During 
stress, these pro teins are believed to act as mo lecular chaperon es, 
, binding to o the r cellular pro te ins to assist fo lding in to their correct 
secondary structures and prevent misfoldin g and aggregation (May-
I tin, 1995) . Alth ough HS P27 syn thesis is enh an ced afte r stress, it is 
also constitutiv ely expressed in most mammalian cells in the 
absence o f stress, sugges ting tha t i t probably not only confe rs 
survivabili ty to stressed cells bu t al so plays a ro le in essential cellular 
processes under normal conditions (Klem enz e/ nl, 1 993 ; Z h ou cl nl, 
1993). R ecen t studies ha ve linked H SP27 to g rowth , diffe ren tia-
tion, and the neoplastic tran sformatio n processes. In contrast to 
HSP with high m olecul ar weights, w hich seem to be p ositively 
correlated with cell prolife ration (Pechan , 1991 ) , overexpress ion of 
the low molecular w eight HSP27 is reportedly associated with the 
cessation o f cell growth and induction of cell diffe rentia tion 
(Shakoori el ai, 1992; Spector et nl, 1992) . In cultured human 
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gin are independent of Ca i concentration in HaCaT 
cells. These observations suggest that the thapsigar-
gin-induced change in HSP27 isoforms is dependent 
on the depletion of internal Ca2 + stores rather than 
on the increase in Ca i concentration. The thapsigar-
gin-induced change in HSP27 isoforms is reduced by 
the tyrosine kinase inhibitor, genistein, but not the 
protein kinase C inhibitor, H-7. We propose that the 
modulation of HSP27 phosphorylation status by Cai 
homeostasis may be mechanistically linked to control 
of keratinocyte growth and differentiation and re-
sponses ofkeratinocytes to extracellular stresses. K ey 
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kera tinocytes, a 2. 5-fold increase in HSP27 expressio n accompanies 
diffe rentiation (Kindas-Mugge and T rautinger, 1994), and studies 
by our group have revealed that in human skin H SP27 is expressed 
in the supra basal layer, as are other differentiation m arkers (Gan-
dour-Edwards et nl, 1994). 
HSP27 exists predominan tly as a n onpho sphorylated isofonn in 
unstressed keratinocytes and undergoes phosphorylation to gener-
ate more acidic isoforms in response to en vironmental o r chemical 
stresses such as hea t shock , arsenite (McClaren and l sseroff, 1993) , 
tumor promoters 12- 0 -tetradecan oyl-phorbol-13-ace tate and oka-
daic acid (Kasah ara et nl, 1993) . Alth ough th e exact function of this 
posttran slational m odifica tion is presently unknown, H SP27 phos-
phorylation is believed to result in stabiliza tion of the actin 
cytoskele ton (Lavoie et nl, 1995). In wlstressed conditions, HSP27 
phosphOl)' Iation occurs as a response to a variety o f mitogens, 
cytokines. and growth! differentiation-regulating agents tllat acti-
vate d istinct signal transduction pathways (H uot e/ nl, 1995), often 
associated with an increase in the accumulation of F- actin (Stolz 
and Mich alopoulos, 1994) . H SP27 is known to inhibit ac tin poly-
merization , and tllis illllibi tion is reduced by tlle phosphorylation of 
HSP27 (Morin et nl, 1991; Benlldorf et nl, 1994) . Either growth-
stimulatol}' signals o r stress, by inducing HSP27 phosphorylation , 
may resul t in increased actin polymerization. Subsequently, the 
more stable po lymerized ac tin may con tribute to signal transduc-
tion to the nucle us and/or increased cell survival. 
Homeostasis of intracellular C a2 + (Ca;) is a key element regu-
lating keratinocyte growth and di ffe rentiation . 111 low Ca2 + «0.1 
mM) medium, cul tm ed k era tinocytes re tain a proli feJ:ative, basaJoid 
morpho logy. A swi tch to a m edium con taining 1- 2 111M Ca2 + 
results in rapid inhibi tion of proliferation , accompanied by the 
acquisition of a di ffe rentiated phenotype (Helmi.ngs el nl, 1980). 
Eviden ce suggests that an increase in th e Ca; level serves as an early 
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signaJ for induction of keratinocyte diffe re ntiation by extracellular 
Ca2 + (Pillai cl aI, 1993; Sharpe el aI, 1993). The o b servation that 
both Ca; homeostasis and HSP27 metabolism are apparently in-
volved in control of cell growth and differentiation suggests a 
possible correlation between the two events. To ex plore a possible 
bnkage between Ca; homeostas is and HSP27 metabolism, we 
examined how alteration of Ca; homeostasis affected the distribu-
tion of HSP27 isoforms in a spontaneously immortalized human 
keratinocyte Ene, HaCaT, whic h maintains features of normal 
epiderm al growth and differentiation (Boukamp el aI, 1988) . The 
Ca; homeostasis was perturbed u sing the tumor promoter, thapsi-
gargin (TG), which d e pletes internal Ca2 -1- stores by inhibiting 
Ca2 + - ATPase in the endoplasmic reticulum (Thastrup et aI, 1990). 
MATERIALS AND METHODS 
Materials TG and geni stcin were purchascd from Calbiochem (San 
Dicgo, CAl. Bradykinin, 1-(5-isoquinolinyl-sulfonyl)-2-mcthyl-piperaz ine 
(H-7), cydopiazonic ac id (CPA), and 12-0-tcb'adccanoyl-phorbol-13-
acetate wcre purchascd from Sign'" C hemica l Co. (St. Louis, MO). 
1 ,2-Bis(2- aminophcnoxy)cthanc-N,N,N' N' -tetraaceoc acid acetoxymethyl 
ester (BAPTA/AM) was purchased from Molccular Probes (Eugcnc, OR) . 
Mousc Ig monoclonal anti-I-ISP27 was purchascd from Strcss-Gcn Biotech-
nologies (Victoria, B.C., Canada). 
Cell Culture and Treatment Keraonocytes ofl-laCaT linc, a gift of Dr. 
Norbert Fusenig, were cultured in Dulbecco's modified Eaglc's medium 
(Flow Laboratorics, McLean, VA) supplemented w ith 10'1<, (vollvol) calf 
serum (l-IyClone Laboratories Inc., Logan, UT) at 37°C in a 5% CO2 
incubator. C ultures were used for experiments 1-2 d after reaching 
confluence. M o no layer cultures in Dulbecco's tllodified Eagle's 1l1cdiunl 
were treated with the stated reagents, and the reaction was stopped by 
placing the cu lture dishes on ice and rinsing the monolaycrs with icc-cold 
Ca2 + _ and Mg2+ -free phosphate-bllffered salinc. In the experiments under-
taken to manipulate Ca; concentration, cell s were grown in Keraonocytc 
Growth M edium (Clonctics, San Diego, CAl conta ining cither 1.5 or 0.07 
mM Ca2 + , and some cllitures were loaded with thc Ca2 + chelator 
BAPTA/AM (2.0 JLM) for 120 min, washcd, and then incubated in 
Ca 2 + -fi'ec medium prior to TG trcatment. 
Cellular Protein Extraction The treate'd samples were r insed with 
phosphate-buffered saline, scraped. and pelleted at 500 X g [or 10 min . The 
peUet was resuspended in an extraction bufFer (10 mM Tris(hydroxy-
meth)'I)-aminomethane, 10 mM NaCI, 2 mM ethylenediamine tetraacetic 
acid, 25 mM NaF, 2 mM phenylmethylsulfonyl fluoridc, and 1.0 /J.g 
Icupeptin per ml, pl-l 7.4), and lysed by ultrasonication. Microscopic 
examinatio n confirnlcd ncar 100VA, cell breakage. eel1 Jys;ucs were incu-
bated in icc for 1 h, then centrifuged at 8000 X g for 10 min. The 
supernatunts were aliqllored and stored at - 80°C . Protein contents ill thc 
samples were determined using Bradford Assay (Bio-R.ad Labomtories, 
Riclunond, CA) . 
Isoelectric Focusing and Immunoblotting Samples were mixed with 
a loading buffer (1 :1, vollvol), consisting of 8 M urea. 0 .04% pl-l 3-10 
ampholytes, 0.2% pH 5-7 ampholytes, 2% Triton Xl00. 1 % 2-me rcapto-
ethanol, and 0.4% bromophenol. Isoe lectt;c focllsing ge l electrophoresis 
waS carried out as described by Bollag and Edelstein ('1991) using 8 cm X 7 
C111 X 0.75 m111 gel slab composed of 12.8 M urea, 7.7% acrylamide. and 
4.5%. a111pholytes (3.8% pH 5-7; 0.7% pH 3-10). The gels were prefocused 
for 30 min at 150 mV. Samplcs werc loaded (50 JLg of protein /well) and 
focused at 150 mV for 30 min. and thcn at 200 mV for 2 h. R eservoirs 
contained 20 mM NaOH as catholyte and 10 mM I-I,PO. as anolyce. 
Following isoclectric focusing, proteins werc transferred onto Im111uno-
bilon-P membrane (Millipore, Bedford, MA) using 0.7% acetic acid solution 
as the b'ansfer bufFer. HSP27 on membranes was detected with a mo use Ig 
anti-HSP27 as described previously (McClaren and Isseroff, 1994). Immu-
noblots were scanned u sing a 24-bit iJ11agc sca lUle r (Lacie Silver Scanner II), 
and the integrated density of each band was determined using NIH IMAGE 
1 .60. 
RESULTS 
TG Induces the Formation of HSP27 B and Reduction of 
HSP27 A In HaCaT keratinocytes, HSP27 exists mainly as the 
non phosphorylated species HSP27 A (pI 6.5), with littl e or none of 
the phosphorylated isoform HSP27 B (pI 6.0). AppLication of 50 
nM TG induces the formation of HSP27 B within a few minutes, 
reac h es its maximum at about 30 min, aud declines thereafter (Fig 
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Figure 1. TG induces formation of HSP27 B and reduction of 
HSP27 A. HaCaT cells were trcated with 50 nM TG for different times as 
indicated. I-ISP27 isofo [111s were detected using isoelectri c focusing and 
immunoblotting as described in Materials ami Melh ods . 
1). The ide ntities of these isoforms have been confirmed by 
2-dimensional e lectrophoresis (data not shown). A quantitative 
ana lysis of each HSP27 isoform was made by measuring the 
in tegrated d e nsity of the isoform A and B bands (Table I). Data in 
Fig 1 and Table Ia show that the re is a proportional d ecrease in the 
le vel of HSP27 A accompanying the increase in HSP27 B. 
The TG-induced change in HSP27 isoforms is reversible. Two 
hours after addition of TG, most of isoform B disappears whereas 
isoform A retuJ'lls to pretreatment le ve l (Fig 1). This observation is 
further confirm ed in a recovery experiment where TG was re-
move d after a 30-min treatment and cultures were allowed to 
recover in fresh TG-free medium . After removal of TG, the 
formation of HSP27 B maintains a plateau le vel for about 30 min 
and then declines, whereas the level of HSP27 A decreases for a 
short time (abollt 10 min) then steadily increases (Fig 2). 
The TG-induced change in HSP27 isoform is con centration 
Table I. Thapsigargin Induces Change in HSP27 
Isoforms without Affecting Total Amount of HSP27" 
Sample 
a) In ome course (Fig 1) 
Time (nun)' 
o 
10 
30 
60 
120 
b) In TG concentratioll 
dependence (Fig 3) 
TG concentration (nM) 
o 
10 
50 
100 
200 
Integrated Densit)' (Arbitrary Unit) 
I-ISP27 A 
4316 (95.9%)" 
2581 (53.2%) 
1983 (46.0'Yo) 
2653 (59.4%) 
3784 (88.8%) 
3525 (90.4%) 
2860 (79.4%) 
2356 (56.3%) 
2189 (54.8%) 
1980 (52.1 %) 
I-ISP27 B 
183 (4.1%), 
2270 (46 .8%) 
2327 (54 .0%) 
1814 (40.6%) 
477 (11.2%) 
374 (9.6%) 
742 (20.6%) 
1828 (43.7%) 
1808 (45.2%) 
1817 (47.9%) 
Totall-lSP27 
4499 
4851 
4310 
4467 
4261 
3899 
3602 
4184 
3997 
3797 
" Stained immunoblots shown in Figures I and 3 were scann ed by an image scanner 
and the integratcd density (10) of each bilnd was mcasured with NIH Image "1. 60 usng 
arbitrary ullies. 
/, Percentage of [-[5P27 A in cotal HSP27. T he values are calculated by (ID of H5P27 
A .,. ID of to tal [-ISI'27) X 100%. 
r Percentage of HSP27 D in total HSP27. T hc valu cs nrc calculated by (ID ofHSP27 
B .,. ID of total HS(27) X 100%. 
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Figure 2. TG-induced change in HSP27 isoforllls is revcrsible. 
HaCaT cells were treated with 50 11M TG for 30 min. After removal ofTG , 
cells were rinsed with phosphate-bu!fercd saline thoroughly and then 
incubated in TG-free Dulbecco's modifi ed Eagle's mediulll for di!fcre nt 
tiines as indica ted. Control ce lls, w hich Were not treated with TG, arc 
shovvn in Inlle 1. 
dependent. The results in Fig 3 and the measurement of the 
integrated density ill Table II, iJldicate that th e formation ofHSP27 
B becomes detectable at 10 nM TG, and the maJl.imal level of 
HSP27 B is obtained at 50 nM TG. At concentrations of 50 nM and 
above, barely detectabl e amounts of the biphosphorylated HSP27 
isoform C (pIS. 7) can be observed. 
The time course and concentration-dependence studies suggest 
that a lthough HSP27 is redistributed among its subspecies in 
response to app lication of TG, the total amount of HSP27, how-
ever, remains approximately constant (Table I) . It appears that TG 
has little effect on the total amount of HSP27 up to 2 h of TG 
treatment. 
TG Induces HSP27 Isoform Change Similar to Those In-
duced by Heat Shock but Different From Arsenite To 
compare HSP27 isoform pattern in response to TG with those 
induced by other stressors, HaCaT cells were either heat shocked or 
exposed to sodium arsenite. The isoform patterns of HSP27 upon 
heat shock and TG are very similar, with the formation of isoform 
B and reduction of isoform A (Fig 4). The dynamics of the two 
responses are quite differen t, however: I-ISP27 B is observed within 
minutes after 50 11M TG U'ea tment but only 2 h after 43 °C heat 
pI 6.5 
6.0 
5.7 
TG (oM) o 50 200 10 100 
Figure 3. TG-induccd changc in HSP27 isoforllls is conccntration-
dependcnt. HaCaT cells were treated with TG of difl:crent concentrations 
as indicated for 30 min. 
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Figure 4. TG induces HSP27 isoforlll change similar to those 
induccd by hcat shock but different frOI11 arscnite. HaCaT cell s w ere 
treated with 50 nM TG for 60 min , 43 °C heat shock for 120 min, or 100 JLM 
sodiulII arsenite (As) for 120 min . 
shock. When arsenite (100 f.LM) is applied, the time course of 
HSP27 response in HaCaT keratinocytes is similar to that in 
TG-treated ce LI s. The isoform pattern of HSP27 in the arsenite-
treated cells is different, however: in addition to the monophos-
phorylated HSP27 B, the more acidic biphosphorylated isoform 
HSP27 C is produced , whereas on ly a small amount of HSP27 A 
can be detected (Fig 4). 
TG-Induced Change in HSP27 Isoforrns Is Associated with 
Depletion of Internal Ca2 + Stores Rather Than Increase in 
Ca. Level Per Se In o rder to investigate the m echanism under-lyiJ~g TG-induced changes in HSP27 isofornls, HaCaT cells were 
treated with CPA, another Ca2 + -ATPase inhibitor. CPA (50 f.LM) 
elicits a change in HSP27 isoform distribution similar to that dicted 
by TG (Fig 5). On the other hand, treatment of HaCaT with 
bradykinin (100 nm) , which increases intracellular Ca2 + level via 
phosphoinositide-signaling pathway, fai ls to induce the formation 
of HSP27 B (Fig 5). 
To determine whether the TG-mediated change in I-ISP27 
isofo1"ms is related to changes in Ca i concenu'ation, HSP27 isoforms 
were examined in cells with different Ca; concentrations . H aCaT 
pI 6.5 
6.0 
5.7 
TG(nM) 
Agent CPA BK 
10 50 
Figurc 5. Changc in HSP27 isoforlTls is induccd by CPA but not 
bradykinin. HaCaT cell s were treated with 50 JLM CPA, 100 11M 
bradykinin (BK), or 10 and 50 nM TG as indicated for 30 min. Untreated. 
contro l ce lls are shown in Inll" 3. 
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Figure 6. Change in HSP27 isoforms is induced by depletion of 
internal Ca 2 + stores rather than change in Ca i concentration per 
se. After confluence, HaCaT cells were maintained in keratinocyte growth 
medium containing either 0.07 or 1.5 mM Ca' + for 24 h before TG 
treatment. Some cultures grown in the 0.07 mM Ca2 + mcdium were loaded 
with 10 J.l.M BAPTA/ AM, which depletes internal Ca 2 + stores, for 90 min, 
rinsed with phosphate-bufFered saline, and thcn treated with 50 nM TG in 
Ca2 + -free keratillocyte growth medium for 30 min . 
cel.ls grown in 0.07 Ca2 + medium have a Ca; level of 65 nM, 
whereas cells in 1.5 InM Ca2 + medium have a Ca; of 340 nM (Slu 
B and Isseroff lUl..., unpublished observations). T he patterns of 
HSP27 isoforms in the two cultures are similar. At either 0.07 or 1.5 
mM Ca2 + , the generation of HSP27 Band rcduction of HSP27 A 
occur only in the presence ofTG (laues 1, 2,5, and 6 in Fig 6) . In 
order to deplete internal Ca2 + stores without increasing Ca; level in 
the cytosol, some cultures were loaded with BAPTA/ AM. In these 
BAPTA-Ioaded keratinocytes, the released Ca 2 + ions from internal 
stores are chela ted by excess BAPT A molecules , and Ca; is reduced 
to about 15 nM (data not shown). In terestingly, the formation of 
HSP27 B and reduction of HSP27 A observed in TG-treated 
cultures are mimicked in BAPTA-loaded cells without TG stimu-
lation (Iaues 3, 4 in Fig 6). 
TG-Induced Change in HSP27 Isofornts Is Reduced by the 
Tyrosine Kinase Inhibitor, Genistein, but Not the Protein 
Kinase C (PKC) Inhibitor, H-7 To determine which class of 
protein kinase is involved in TG-induced I-ISP27 phosphorylation, 
HaCaT cultures were preincubated w ith different protein kinase 
inlubitors prior to addition of TG. When genistein (20 f..tM), an 
inlubitor of tyrosine kinase, is applied, the TG-induced formation of 
HSP27 B is reduced (Fig 7a). Pretreatment of HaCaT cells with 
H-7 (100 f..tM), an inrubitor of PKC, however, has little effect on 
the TG-induced formation of phosphorylated HSP27 B and con-
comitant decrease in nonphosphorylated HSP27 A (Fig 7b) . In the 
positive control of tlus experiment, the HSP27 phosphorylation 
mediated by 12-0-tetradecanoyl-phorbol-13-acetate, an activator 
of PKC, is partially blocked by H-7. 
DISCUSSION 
Previous studies have demonstrated an increase in the expression 
and phosphorylation of HSP27 and other HSP in response to a 
variety of stresses in cultured keratinocytes (Edwards et ai, 1991; 
May tin, 1992; Yatsunami et ai , 1993 ; Kindas-Mugge and Traut-
inger, 1994; McClaren and Isseroff, 1994). Here we report that the 
Ca2 + -ATPase inlubitor, TG, stimulates the rap id phosphorylation 
of HSP27 in the human keratinocyte HaCaT line. 
The response of HSP in mammalian cel.ls to stress can occur at 
different levels . Stress may induce the expression of I-ISP at the 
transcriptional level, with a resultant severalfold increase in the 
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Figure 7. TG-induced change in HSP27 isoforms is inhibited by 
the tyrosine kinase inhibitor, genistein, but not the PKC inhibitor, 
H-7. (a) HaCaT cells were preincubated with 20 JLM gen.istein for 60 min, 
then treated with 100 nM TG for 30 min. (b) HaCaT cells were preincu-
bated with 100 f..tM H-7 for 30 min and then trcated with 100 nM TG or 100 
nM 12-0-tetradecanoyl-phorbol-1 3-acetatc fo r 30 min. 
acculllulation of HSP. Alternatively, stress may induce the rapid 
phosphorylation of HSP as an early response, resulting in the 
redistribution of preexisting HSP among its isoforms. Tlus post-
translational modification is believed to provide cells with imme-
diate protection before the accumulation of newly synthesized HSP 
molecules can occur (Lavoie et ai , 1995). In the H aCaT line, TG 
induces the formation of phosphorylated HSP27 B with.in a few 
minutes. The increase in HSP27 B is accompanied by a concomitant 
decrease in the nonphosphorylated HSP27 A, and the total HSP 
remains unchanged, suggesting that HSP27 B is derived £i'om the 
phosphorylation of preexisting nonphosphol'ylated HSP27 A. This 
rapid phosphorylation event precedes new synthesis of HSP, wluch 
is induced by TG in chondrocytes after 10-12 h of treatment 
(Cheng and Benton, 1994). 
TG treatment perturbs intracellular Ca2 + (Ca;) homeostasis by 
inlubiting Ca2 + - ATPase in the endoplasmic re ticulum. When 
applied to HaCaT cell s, TG induces an initial Ca; rise, within 2-3 
min (Slu and Isseroff, unpublished observations) preceding dle 
change in HSP27 isofonllS. CPA, a Ca2+-ATPase inlubitor with a 
different structure (Foskett and Wong, 1992), induces a sinillar 
pattern of HSP27 isoforms in the HaCaT line as does TG. The 
concentration ranges in wruch TG and CPA induce phosphoryla-
tion ofHSP27 parallel their response as inhibitors ofCa2 +- ATPase 
(Thastrup cl ai, 1990; Foskett and Wong, 1992). These findings are 
evidence that the change in HSP27 isoforms induced by TG and 
CPA is a function of inlubition of Ca2 '" -ATPase. 
After Ca2 + uptake by the endoplasmic re ticulum is prevented by 
a Ca2 + -ATPase inlubitor, immediate downstream events include 
the depletion of internal Ca2 + stores and an increase in cytosolic 
Ca2 + concentration (Thastrup et ai, 1990). To determine which of 
these two events is responsible for the HSP27 isoforn1 change, 
HaCaT cells w ere treated with bradykinin, wh.ich induces Ca2+ 
release from the inositol triphosphates(1,4 ,5)- sensitive pool, lead-
ing to an increase in cytosolic Ca2 + level without preventing Ca2 + 
recycling betw een the cytosol and internal stores. Because HSP27 
phosphorylation is not altered by bradykinin, the signal for HSP27 
phosphorylation is apparently not the increase in Ca; level, but the 
depletion of internal Ca2 + stores. This notion is furth er supported 
by the examination of HSP27 isoforms in HaCaT cells cultivated 
under conditions that yield different Ca; concentrations. The pat-
tern ofHSP27 isofo[ms in these cultures is not altered by Ca; level. 
Instead , the depletion of internal Ca2 + stores by BAPTA loading, 
like the deple tion by TG, triggers the change in HSP27 isoforms. A 
related observation of TG-induced synthesis of I-ISP has been 
reported in chondrocytes, and the TG effec t could be mimicked by 
depleting internal Ca2 + stores using BAPTA but not by increasiug 
Ca; using bradykinin (Cbeng and Benton, 1994). 
I-ISP27 has been reported to be a physiologic substrate for several 
VOL. 107. NO.5 NOVEMBER 1996 
kinases including PKC (Santell e/ ai , 1992; Faucher ef ai, 1993), 
mitogen-activated protein kinase-activated protein (MAPKAP) ki-
nase, and other unidentifi ed kinases (Landry et ai, 1992; Freslmey et 
ai, 1994). In keratinocytes of the HaCaT line, the TG-induced 
phosphorylatio n ofHSP27 appears to be PKC-independent because 
the TG-induced change in HSP27 isoforms is not affected by H-7 . 
Recently, activation of MAPKAP kinase 2 has been identified as a 
predominant mechanism for HSP27 phosphorylation (Stokeo et ai, 
1992; Engel et ai, 1995). This pathway involves a multistep protein 
kinase cascade that lea ds to the phosphorylation of mitogen-
activated protein kinase or other novel kinases by a tyrosine kinase, 
and these activated kinases, in turn, activate MAPKAP kinase 2 
(Stokoe et ai, 1992; Rouse el ai, 1994). In HaCaT cells, the 
form.ation ofHSP27 B after TG treatment is reduced by the tyrosine 
kinase inhibito r, genistein. Thus, our data confirm the involvem ent 
of a tyrosine kinase, presumably of tllis cascade, in the TG-mediated 
HSP27 phosphorylation. 
In the HaCaT line, TG and heat shock elicit similar changes in 
HSP27 iso fornl distribution , but the response of HSP27 to heat 
shock is much slower. The delayed response to heat shock may 
indicate that a threshold level of heat stress is needed before the 
cells respond. T he dynamic difference between two responses may 
also suggest that heat shock and TG activate the phosphorylation of 
HSP27 through different mechanism s. H eat shock is known to 
induce the phosphorylation of HSP27 through the cascade as 
mentioned above (Zho u et ai, 1993; Rouse ef nl, 1994; Engel ef nl, 
1995) . T he cellul ar sensors for heat shock probably lie upstream of 
trus cascade; thus, it takes time for the signal for heat shock to travel 
from the site of primary cellular damage to HSP27 phosphorylation 
site. On the other hand, the action site for TG may be more 
proximal to the enzyme phosphorylating HSP27. C hao el al (199 2) 
reported that depletion of internal Ca2 + stores with TG can trigger 
activation of mi togen-activated protein kinase, which directly 
activates MAPKAP kinase 2. The full transdu ction pathway for 
either heat shock or Ca2 + -depletion signaling await furtll er inves-
tigation. 
Perturbation of Ca; homeostasis may provide a functional link 
between signals for certain stresses and resultant HSP responses. 
Recent studies have shown that heat shock indu ces a rapid increase 
in Ca; level in various cell types. In mouse C 127 cells, such heat 
shock-induced Ca ; elevation results in induction of HSP26 syntlle-
sis (Evans et ai, 1991) . T he Ca2 + ionopho re, A23187, also induces 
tbe phosphorylation of HSP27 (Welch , 1985; C rete and Landry, 
1990) , and this is probably related to the depletion of internal Ca2 + 
stores by the ionophore (Drummond et ai, 1987; Pelassy et (II, 1992) 
rather than ionophore-induced increase in Ca;. T herefore , it is 
likely that perturbation of Ca2 + homeostasis in stressed cells 
trigg!,! rs the phosphorylation of HSP27 , and the phosphorylation is 
involved in the regulation of microfiJament dynamics and actin 
filament stability, thus leading to cellular resistance and survival 
(Lavoie et nl, 1995). Under unstressed conditions, the modulation 
of the phosphorylation status of HSP27 by Ca; homeostasis may be 
a mechanism by which cell proliferation and differentiation are 
regul ated . Faucher et al (1 993) have speculated that accumulation 
of the nonphosphorylated isoform of HSP27 is associated with cell 
proliferation , whereas accumu lation of the phosphorylated isoforms 
is related to the arrest of cell growth . This notion is supported by a 
recent finding that treatment of human keratinocytes with TG, 
w inch leads to an accumulation of the phosphorylated isoform 
HSP2 7 B in o ur studies, is associated with growth <l[rest Oones and 
Sbarpe, 1.994). Because HSP27 phosphorylation induced by stress 
such as heat shock or by growth £,ctor stimulation apparently 
results fi:o m activation of the sam e protein kinase cascade, the 
protective function of stress-induced HSP27 phosphorylation may 
be an extension of a normal function of l-ISP27 in maintaining 
signal transduction homeostasis (Landry et ai, 1992) . 
In this study, we demonstrate that depletion of internal Ca2 + 
stores by TG induces the phosphorylation of HSP27 in the human 
keratinocyte HaCaT line, resulting in the formation of the phos-
phorylated HSP27 B and reduction of the nonphosphorylated 
T HAPSIGARG IN AND H SP27 IN KERATINOCYTES 753 
HSP27 A. W e propose that in unstressed cells , Ca2 + signal 
transduction rnay re~ulate keratinocyte growth and differentiation 
by modulating tlle phosphorylation of HSP27, and during stress, 
perturbation of Ca2 + homeostasis may be a mechanism by which 
these extracellular stresses signal responses through the HSP27 
pathway. 
T his stlldy ",as f llllded, ill jJm1, by a Denllatolosy FCJ/ l/ldatioll Fello",ship (B.S.), 
alld N nriollal Illstitllte of £ .wirolllllclltal H ealth SciCli,"" Gmlll .. £S04699 m.d 
£S07133 (R .R.I.) . We tlmllk Dr. N.E. Fllsellis (D i.,isio" of DiD,rellt iatioll m.d 
Carcillosellcsis III Vitro, [llstitllte of i3ioc/.clll ist.)', Gerlllall Carcillogellesis Research 
Cellter) Jo r the HaCaT ce/ls, alld Dr. ). /Iv. WOIIS Jor his critical reviell' of the 
mnll" sClipt. 
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